In order to consider the inlet and engine integrated model of supersonic airliner, the dynamic identification and control of inlet normal shock are studied. The research is based on the bleed air flow rate under supersonic conditions. With the twodimensional CFD model of supersonic inlet, the dynamic and static effects of the bleeding flow rate on the normal shock position were investigated. The transfer function was identified, and simultaneously the paper carried out a comprehensive study of inlet and engine integrated model, which is established based on the inlet shock position model and engine component level model. The relationship between normal shock position and total pressure recovery coefficient has been taken into consideration in this model. Based on the inlet and engine integrated model, the closed-loop control simulation of normal shock position is carried out. The results show that the model could resist the disturbance of the inlet flow and keep the inlet and engine matching operation point stable near the optimal value.
Introduction
The aircraft may encounter various disturbances in flight, such as the atmospheric turbulence, the shock waves of passing through another aircraft, and the pulsation of engine airflow, which would affect the inlet operation. If these methods of increasing the stability and safety margin are taken into account in the process of inlet design, the inlet performance would deteriorate under normal conditions [1, 2] . The purpose of inlet control is to avoid the inlet or engine surge when entering the strong subcritical or supercritical state after disturbance. Meanwhile, the control makes the engine return to approximate optimal working state quickly. However, it is impossible to maintain the propulsion system in the best performance state by manipulating the bleed valve, which keeps the normal shock position unchanged. For example, in order to adapt the disturbance, the inlet may increase the bleed flow leading to the bleed drag, which is shown in Figure 1 . (C bp is the coefficient of bleed drag, A bleed is the bleed area, and A c is the inlet capture area.) Therefore, even if the shock wave remains at a position of high-pressure recovery coefficient, it may still cause a net loss of the propulsion system [3, 4] . Because the pressure of fan inlet has influence on the normal shock wave position, it may be better to adopt the integrated adjustment of the bleed valve and engine to control the position.
The engine control mechanism must meet the requirements of a minimum noise level and optimal economy in thrust control. Meanwhile, the engine rotor speed and turbine inlet temperature could not exceed limit in order to ensure the stability of fan, compressor, and combustion chamber. The engine used in supersonic passenger aircraft can be divided into the following: main operating conditions, engine start-up, take-off, acceleration and climbing, the subsonic flight whose airline is set in residential areas, supersonic cruise, and landing [5] [6] [7] . Corresponding to the different working conditions, the control tasks are different. During the flight supersonic cruise, it is necessary to ensure economy and give the best ride quality to the passengers, which requires the stable engine thrust and reduces the unnecessary flight attitude changes.
The research on supersonic inlet control has been developed continuously. The early aircrafts F-14 and F-18 used simple fixed baffle inlet; they then were developed into the advanced inlet whose swash plate or center cone could be adjusted [8] . For example, the Mirage 2000 has the semicircular center cone adjustable inlet; the F4 aircraft, Russian MiG-23s, and F-8 II have the rectangular inlet whose front swash plate is adjustable; and F-15 has the adjustable binary wedge-shape inlet. With the development of modern measurement and control technology, it is possible to capture normal shock or measure its position. The research of shock wave position detection and control has become a hot topic. Le et al. proposed three methods to monitor shock wave in isolation section of dual-mode scramjet, and the accuracy of three methods was compared by testing [9] . Hutzel et al. summarized the developing history of monitoring shock wave position and compared several monitoring schemes [10] . Donbar proposed a scramjet control method based on shock wave position [11] . When the aircraft is in high Mach number cruise, the upstream and downstream flow fields of the inlet are prone to fluctuate due to the drop of shock wave, the change of atmospheric environment, or the launch of weapon. It causes the change of inlet normal shock wave position and then affects the stability of inlet or even causes the engine surge [12] [13] [14] .
In this paper, the research is focused on the integrated control of inlet and engine for supersonic airliner based on the control technology of normal shock wave position. This technology improves the anti-interference performance of the inlet and makes the inlet and engine operate at a better matching point. In the first section of this paper, the integrated model is established by the relationship between normal shock wave position and total pressure recovery coefficient. Subsequently, the integrated model is simulated to verify the antidisturbance ability of the closed-loop control. Finally, the inlet and engine integrated control model are established to reduce the influence of atmospheric disturbance to the propulsion system performance.
Inlet and Engine Integrated Model
In order to study the inlet and engine integrated control, the paper establishes an integrated model, which is a twin-bladed rotor, is mixed flow afterburner turbofan engine, and is shown in Figure 2 . In the picture, the section numbers are as follows: section 2 is the exit of inlet, section 22 is the exit of fan, section 25 is the entrance of a high-pressure compressor, section 3 is the exit of a high-pressure compressor (HPC), section 4 is the exit of a combustor, section 45 is the exit of a high-pressure turbine, section 5 is the exit of a low-pressure turbine, section 6 is the mixing chamber, section 8 is the nozzle throat, section 9 is the exit of nozzle, section 13 is the entrance of the bypass, and section 16 is the exit of the bypass.
In this paper, the supersonic mixed pressure inlet is studied and the model is shown in Figure 3 , where the section number 0 represents environment situation and 1 represents the entrance of the inlet. The design point of model is 2.2 Ma and 11 km (the static pressure is 22700 Pa, and static temperature is 216.7 K). The first, second, and third compression angle δ 1 , δ 2 , and δ 3 and the expansion section angle β are, respectively, 6 degrees. The computational inlet model is shown in Figure 4 . In order to simulate the operating process of the inlet accurately, a two-dimensional CFD calculation based on FLUENT software is carried out to simulate the dynamic changes of flow field under different flight conditions, up-and downstream disturbance, and bleeding regulation. The turbulence model based on FLUENT software adopts unsteady calculation. The time step is 0.01 ms, and the number of internal iteration steps is set to 30. The process of opening and closing the bleed valve is mainly realized by UDF (user-defined function) with dynamic grid technology, which is used to change the angle of the valve to adjust the bleed.
In order to facilitate the calculation, the following assumptions are set:
(1) The inlet air is the ideal gas that ignores the ionization effect of air When the shock wave position is disturbed, the position could remain unchanged by increasing or decreasing the bleed flow. In order to achieve high-quality bleed control regulation, the dynamic relationship between bleed and shock position should be obtained [15] . The transfer function between them ought to be further obtained by a twodimensional CFD model. ( Figure 5 shows the input curve of bleed flow and output curve of shock wave position.) Furthermore, in order to facilitate the design of an inlet control system, it is necessary to establish the dynamic transfer function model of the bleeding process. Based on the 
As shown in Figure 8 (a), the output of the transfer function model is basically consistent with the output of CFD calculation, which means the identification accuracy meets the requirements. In order to further verify the accuracy of the model, the mass flow of a two-dimensional CFD inlet model is increased to 1.09 kg/s, then the positive shock position curve is obtained. As shown in Figure 8 (b), the transfer function model is still within acceptable accuracy range.
The inlet and engine integrated model in this paper are a component level model [16, 17] . Each component must meet the mutual restriction and follow common operating condition. The paper selects low-pressure rotor speed N l , highpressure rotor speed N h , fan pressure ratio Z f , compressor pressure ratio Z C , high-pressure turbine equivalent mass flow m 41,cx , low-pressure turbine equivalent mass flow m 45,cx , and inlet flow coefficient φ as the initial guess values. Considering the continuity of airflow, static pressure balance, and rotor power balance, the seven equations are selected. The flow continuity residual of inlet and fan equation is shown as follows:
where m 2,c is airflow of inlet, m 21,c is airflow of fan, and ε 1 is residual error of equation.
The flow continuity residual function of a high-pressure turbine inlet is as follows:
where m 41,cx is the high-pressure turbine initial guess flow and m 41,c is the calculated flow.
Flow continuity residual function of a low-pressure turbine inlet is as follows:
where m 45,cx is the low pressure turbine initial guess flow and m 45,c is the calculated flow.
The static pressure balance residual function of the bypass outlet is as follows:
where p 16,s is the external static pressure at the outlet of bypass and p 6,s is the internal static pressure at the outlet of the bypass. Flow continuity residual function of the nozzle throat is as follows:
where m 8,x is the nozzle initial guess flow and m 8 is the calculated flow.
The power balance equation of a low-pressure rotor is as follows:
where W lt is the power of a low-pressure turbine and W f is the consumed power of fan. The power balance equation of a high-pressure rotor is as follows:
where W ht is the power of a high-pressure turbine and W c is the consumed power of a compressor. The equations are solved by a Newton iteration method. While the total pressure loss of the inlet includes wall friction loss, total pressure loss of shock wave, and total pressure loss of duct after throat. The latter two account for more than 90% of the supersonic inlet's total pressure loss. When the flow condition and the shock wave position are fixed, the structure of the normal shock wave system in the supersonic inlet and the length of the expansion area after normal shock wave remain unchanged. The bleed regulation only changes a small part of the wall friction loss [18] . Therefore, the total pressure recovery coefficient, which is related to the normal shock wave position, can be approximately regarded as unchanged. The relationship between them is shown in formula (9) , and correspondence is shown in Table 1 .
where σ max is the total pressure recovery coefficient in critical state and i is the total pressure recovery coefficient ratio. When the position is less than -0.15, the total pressure recovery coefficient maintains the maximum value. The calculation process of the inlet and engine integrated model is shown in Figure 9 . The atmospheric turbulence model shows the upstream disturbance (ΔP 0 , ΔT 0 , and Δ M 0 ), and the engine model shows the downstream disturbance (ΔP 2 ). After that, the integrated model calculates the normal shock position and adopts closed-loop control by an active disturbance rejection control (ADRC) algorithm.
The block diagram of the closed-loop control loop for normal shock position is shown in Figure 10 . G A is the transfer function of the actuator. It indicates the opening and closing of the exhaust valve, which is generally controlled by a high-speed valve. In order to realize the bleed regulation, the high-speed valve produced by MOOG Company is used as the actuator and the transfer function is shown as follows:
The generalized controlled object of transfer function G ðsÞ is as follows: 
According to the corresponding relationship between the shock position and the total pressure recovery coefficient, the total pressure recovery coefficient in the engine model is modified. Then, the thrust and other performance of the engine are calculated.
Simulation of Integrated Model
The inlet model simply gives the maximum total pressure recovery coefficient under the current flight conditions. The change of engine state does not affect the inlet total pressure recovery coefficient, and this phenomenon is obviously unconventional. With the change of the inlet state, the inlet would enter into the supercritical state and the total pressure recovery coefficient would decrease. Therefore, the inlet normal shock wave and engine model are combined together. The different working conditions of inlet could be simulated, and the coupling relationship between the engine and inlet is clarified by modifying the total pressure recovery coefficient through the normal shock wave position. The pressure, temperature, velocity, and downstream disturbance of an integrated model are simulated to test the operation effect in this paper.
The verification point of pressure disturbance is H = 11 km, Ma = 2:2, and PLA = 50 degrees. Figure 11 shows the simulation results of an integrated model under pressure disturbance. In the pictures, Figure 11 In order to verify the ability of the integrated model to resist temperature disturbance, the test has been carried out. The verification point of temperature disturbance is H = 11 km, Ma = 2:2, and PLA = 50 degrees. Figure 12 shows the simulation results of an integrated model under temperature disturbance. In 3.2 s, the inlet normal shock wave model exerts inflow temperature disturbance (±50 K), which is caused by a turbulence model. Figure 12(a) is the output disturbance of a turbulence model. With the change of temperature, the Mach number changed. Figure 12(b) is the disturbance of the Mach number, and the disturbance is between ±0.25. Figure 12 Similarly, when the Mach number is disturbed, it would also affect the position of the normal shock wave. Figure 13 shows the simulation results of an integrated model under Mach number disturbance. When the Mach number changes as shown in Figure 13 (a), the change of position is between ±0.25. The effect of the closed-loop control of the normal shock position is still very stable in the closed-loop control, whose change could be neglected. Figure 13(d) shows the bleed flow in closed-loop control.
Compared with the open-loop control, the total pressure recovery coefficient has little change and the thrust could also be basically stabilized.
In order to verify the ability of the integrated model to resist downstream disturbance, the next test has been carried out. The verification point of temperature disturbance is H = 11 km, Ma = 2:2, and the throttle lever angle is changed. The engine is adjusted from the throttling state to the intermediate state and PLA has changed from 50 degrees to 70 degrees as shown in Figure 14 . Figure 15(d) is the change of bleeding in closed-loop control. It can be seen from Figure 15 (e) that the total pressure recovery coefficient could also maintain at the optimal integrated point. In Figure 15 (f), the engine output thrust increases by 0.05 compared with the open-loop control when the throttle lever angle is set to 70 degrees.
The integrated model could accurately describe the performance of the engine when the normal shock wave position changes. Meanwhile, the model verifies that the closed-loop control is more effective. In particular, when the upstream and downstream are disturbed, the position could always be stable at the optimal matching point and the engine thrust performance is optimal at this moment.
Additional calculations show that the inlet closed-loop control of inlet normal shock wave position obtains good robustness and could be controlled stably at different working points (M = 2:2 and M = 2:3). The disturbance is shown in Figures 16(a) and 16(b) , which is the disturbance of normal shock position. Figure 16 During the closed-loop control process, the inlet and engine could be kept at the optimal matching point.
Conclusions
In this paper, the effects of bleed flow on the dynamic and static characteristic of normal shock wave position 
